Transport and magnetic studies of Ca 3 Ru 2 O 7 for temperatures ranging from 0.4 K to 56 K and magnetic fields, B, up to 45 T leads to strikingly different behavior when the field is applied along the different crystal axes. A ferromagnetic (FM) state with full spin polarization is achieved for B||a-axis, but colossal magnetoresistance is realized only for B||b-axis. For B||c-axis, Shubnikov-de Haas oscillations are observed and followed by a less resistive state than for B||a. Hence, in contrast to standard colossal magnetoresistive materials, the FM phase is the least favorable for electron hopping. These properties together with highly unusual spin-charge-lattice coupling near the Mott transition (48 K) are driven by the orbital degrees of freedom.
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In ruthenates, in particular the bi-layered Ca 3 Ru 2 O 7 , the orbital degrees of freedom play an important role prompting novel phenomena through the coupling of the orbits to the spin (spin-orbit interaction) and to the lattice (Jahn-Teller effect). The extension of the 4d-orbitals leads to comparable and thus competing energies for the crystalline fields, Hund's rule interactions, spin-orbit coupling, p-d hybridization and electron-lattice coupling. Physical properties are then particularly susceptible to small perturbations by external magnetic fields and slight structural changes. A colossal magnetoresistance (CMR) normally occurs for the field applied along the easy axis of magnetization. In this letter we present evidence for an unusual CMR in Ca 3 Ru 2 O 7 realized only when B is perpendicular to the easy axis of magnetization (a-axis) or when the spin-polarized state is avoided. This CMR phenomenon is fundamentally different from those of all other magnetoresistive systems, which are primarily driven by spin polarization. In addition, for B||c-axis, Shubnikov-de Haas oscillations are observed and followed by a much more conducting state than that for B||a. The results in this letter include the resistivity for the current along the c-axis, ρ c , taken in B up to 45 T at 0.4 K and the field dependence of the magnetization, M, and ρ c in the vicinity of T MI (40≤Τ<56 Κ) for B applied along the a-, b-, and c-axis. All results provide a coherent picture illustrating that the spin-polarized state is energetically the least favorable for electron hoping, and that orbital order and its coupling to lattice and spin degrees of freedom drive the exotic electronic and magnetic properties in Ca 3 In view of the strong sensitivity to crystalline field and tilting angle asymmetries, the coupling of the magnetic field to the system depends on the orientation of the field.
Consequently, different properties can be expected if the magnetic field is applied along the different crystallographic axes.
The Mott transition in the single-layered Ca 2-x Sr x RuO 4 has been attributed theoretically [2] [3] [4] [5] and experimentally [6, 7] [9] . These crucial bond angles directly impact the band structure and are the origin of the anisotropic properties of the compound. In zero-field Ca 3 Ru 2 O 7 undergoes an antiferromagnetic (AFM) transition at T N =56 K while remaining metallic, and then a
Mott-like transition at T MI =48 K [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] with a dramatic reduction (up to a factor of 20) in the conductivity for T < T MI [8] [9] [10] [11] [12] . This transition is accompanied by an abrupt shortening of the c-axis lattice parameter below T MI [10] . Single crystals were grown using both flux and floating zone techniques [20] and characterized by single crystal x-ray diffraction, Laue x-ray diffraction, SEM and TEM. The same reduction in ρ is also observed for the current along the a-and b-axis, suggesting that the magnetoresistivity is driven entirely by the in-plane spin-reorientation for B||a-axis.
The fully spin polarized state can lower the resistivity by at most a factor of 10.
As B is increased further from 6 to 45 T, ρ c increases linearly with B by more than 30%.
A linear variation of ρ c over such a wide range of B is interesting in its own right, since a quadratic dependence is expected for regular metals [21] . Because spin scattering is already reduced to its minimum at B=6 T, the linear increase can only arise from orbital degrees of freedom which via spin-orbit coupling hinder the electrons from hopping. 2a and 2c ). This lack of parallel behavior of M and ρ c is precisely a manifestation of the crucial role of the orbital degrees of freedom that dictate electron hopping for B||a.
In contrast, for large B||b-axis (Fig. 2d ) ρ c always decreases to a value lower than the corresponding one for B||a-axis at B>B c . This is the case despite that M s for B||b-axis As known, for B<6 T, the Mott-like state is due to the OO facilitated by the c-axis shortening at T MI [12, 18] . and then a re-occurring OO state at B c2 characterized by a sharp increase in ρ c . For 48.2<T<56 K, the system changes from an AFM/OD to an AFM/OO phase when B>B c1 .
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The evolution of the magnetic/orbital configuration is associated with the Jahn-Teller coupling, which appears to be most drastic in the vicinity of T MI .
We have presented evidence that the orbital degree of freedom and its coupling to spin and lattice play a critical role in Ca 
